Lymphocyte cell-cycle analysis by flow cytometry. Evidence for a specific postmitotic phase before return to G0 by unknown
LYMPHOCYTE CELL-CYCLE ANALYSIS BY FLOW CYTOMETRY
Evidence for a Specific Postmitotic Phase Before Return to Go
DAVID P. RICHMAN
From the Department of Neurology, the Division ofthe Biological Sciences, and the Pritzker School
of Medicine, University of Chicago, Illinois 60637
ABSTRACT
We studied the cell cycle of lectin-stimulated human lymphocytes, making use of
a flow cytometer. The RNA and DNA content of large numbers of individual
cells was determined by supravital staining with acridine orange. The present
study confirmed previous observations by others ofa progression from Go through
G, and S phase to G2/mitosis during the first 3 d in culture. It was also found that
on subsequent days stimulated cells, before their return to Go, remained stationary
in a state in which they contained the Go complement of DNA and approximately
twice the Go complement of RNA.
Cell-cycle manipulation with vinblastine and 5-bromo-2-deóxyuridine (BUR)
revealed that previous passage through both S phase and mitosis was required for
entry into this newly observed late phase. In addition, there was high correlation
(r = 0.973, P < 0.001) between the number ofcells in the late phase and measured
[3H]thymidine uptake. It therefore appears that, in this system, stimulated cells
remain in a distinct cell-cycle phase for a number of hours before their return to
the resting state.
Only a small proportion of lymphocytes obtained
from the circulation or from lymphoid organs
spontaneously divide in vitro, but the vast majority
retain the ability to enter the cell cycle when
exposed to lectins in culture. Specific antigens,
either soluble or cell-surface associated, will also
stimulate lymphocytes in vitro. Nondividing lym-
phocytes therefore satisfy the definitionofGo cells
(16). Advantage has been taken ofthese properties
with the employment of lymphocytes to probe the
mechanisms and control of cell proliferation in
general.
Considerable effort has been expended on the
study of two crucial aspects of the regulation of
cell proliferation: entry into and exit from the cell
cycle. In lymphocytes, it is convenient to view the
existence of two states: resting or Go cells (2, 16,
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21) and cycling cells, which may be in the G,, S,
G2, or mitosis phases of the cell cycle (14). The
entry into the cell cycle from Go appears to occur
primarily into G, and, conversely, exit from the
cycle is from G, (12, 13).
It has been suggested that so-called Go cells are
merely traversing G, phaseat a very slow rate and,
hence, that the Go phase does not exist (9, 24).
Though this holds true for some systems, no data
to support this contention are available for lym-
phocytes. A possible reconciliation of this view
with the classical concept ofGo is provided by the
probabilistic model in which all cells have a finite
probability of entry from Go into the cell cycle,
some cells having much smaller probabilities than
others (3, 26). It has been proposed that the event
determining the transition from Go to G, always
459occurs at a particular, rate-limiting point in GI,
called the "restriction point" (20).
Less information concerning the mechanism of
exit of cells from the cycle is available. Because
most, but not all (12), resting cells are postmitotic
and contain a diploid content of DNA, they are
assumed to have entered Go from the Gt phase.
Studies of the restriction point in Gt suggest that,
at least in some systems (4, 18, 20), many growth-
inhibiting factors act at the same point in mid-Gt .
If blocked at that site, cells exit from the cycle to
enter Go. Little is known of the mechanism or
time-course of this transition (1, 11; reviewed in
2).
Most studies of cell-cycle regulation have made
use of morphologic changes or measures of the
uptake of radio-labeled DNA and RNA precur-
sors. These methods are used either on large cell
populations as a whole or on small numbers of
individual cells. The recent use of flow cytometry
has allowed more efficient study of cycling cells
by examining individual members ofa population,
but at rapid rates. The pioneering work of Dar-
zynkiewicz, Sharpless, Melamed, and collabora-
tors (7, 8) on development of staining and on-line
computing methods to be used in conjunction with
flow cytometry has provided a particularly useful
technique for cell-cycle analysis. Data on each cell
in a large population can be obtained so that
statistically significant observations may be made.
The technique can also be employed on extremely
small samples, such as the cells obtained from 5-
ml specimens of spinal fluid (19).
The present study has used the flow cytometric
determination of the DNA and RNA content of
cultured lymphocytes as the means of cell-cycle
analysis. A modified acridine orange staining pro-
cedure (27) was carried out, in which single-
stranded nucleic acids fluoresce red and double-
stranded nucleic acids fluoresce green. Double-
stranded RNA was selectively denatured by
EDTA so that the DNA and RNA content of each
cell could be quantified by simultaneous measure-
ment of the red and green fluorescence emitted.
Application of this technique showed that stimu-
lated lymphocytes exit from the cell cycle in a
distinctive and reproducible manner. At approxi-
mately 4-5 d after stimulation by lectins, cells
remain stationary for a number of hours in a
postmitotic state with a diploid content of DNA
but with increased RNA, after which they return
to the G,, state.
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MATERIALS AND METHODS
Pharmacologic Agents
Concanavahn A (Con A), 5-bromo-2-deoxyuridine (BUdR),
uridine, 5-fluorodeoxyuridine, a-methyl-D-mannoside, vinblas-
tine sulfate, and Triton X-100 were all obtained from Sigma
Chemical Co. (St. Louis, Mo.); phytohemagglutinin-M (PHA)
fromGrand Island BiologicalCo. (Grand Island, N. Y.), acridine
orange from Polysciences, Inc. (Warrington, Pa.) and RNase A
from Worthington Biochemical Corp. (Freehold, N. J.).
Cell Isolations
Mononuclear cell (MNC) fractions were isolated from the
peripheral blood of normal adult donors by centrifugation on
discontinuous Ficoll/Hypaque gradients(Pharmacia Fine Chem-
icals, Div. Pharmacia, Inc., Piscataway, N. J.) (specific gravity,
1.078) by methods previously described (22). This fraction con-
tained 80-90% lymphocytes, 10-20% monocytes, and <5%poly-
morphonuclear leukocytes (PMN). PMN fractions were isolated
by Dr. S. Uberoi by a method described previously (25) or by
gravity sedimentation of peripheral blood specimens from pa-
tients with leukocytic reaction to sepsis.
Cell Cultures
All cells for culture were suspended at a final concentration
of 1 x 10' cells/ml in tissue-culture medium consisting of Eagle's
minimum essential medium, 4mM fresh 1-glutamine, 100 mg/
ml of gentamicin, and 20% heat-inactivated fetal calf serum.
Cells were cultured in 25-cm' tissue-culture flasks at 37°C in a
5% CO,/95% air humidified atmosphere.
In each experiment, cells were cultured both in the presence
and in the absence of either 30 pg/ml Con A or 10 pg/ml PHA
(concentrations found previously to be optimal for the lots of
lectin used in these experiments). In some experiments, vinblas-
tine (final concentration: 0.2 jig/ml) was added to the cultures on
day 3 (i.e., after 72 h ofculture) and in others BUdR with uridine
and 5-fluorodeoxyuridine (final concentrations, respectively:0.09
mM, 6 gM, 4 pM) were added on day 1. In other experiments,
the cells were washed either with medium or with 0.3 M a-
methyl-D-mannoside on day 2 and resuspended in final culture
medium alone or culture medium with fresh ConA.
Flow Cytometric Studies
Because it was found that the concentration of protein in the
cell suspension medium affected relative DNA/RNA staining,
all specimens were suspended in culture medium before staining.
The staining procedure was a modification of that previously
described (27). A 0.2-ml aliquot of cell suspension was mixed
with detergent solution at low pH (0.1% Triton X-100, 0.05 N
HCI, and 0.15 NNaCl) at 4°C for 15 s and then mixed with the
chelating agent and acridine orange at room temperature (final
concentrations: acridine orange, 12 pg/ml; EDTA-Na, 10-'' M;
NaCl, 0.15 N; and phosphate-citrate buffer, pH 6.0). In some
experiments, the cells were then incubated with RNase, 2,000
units/ml for 30 min at 37°C before cytometric measurements.
Stained cells were analyzed in a model FC200/4800A Cyto-
fluorograf (Ortho Instruments, Westwood, Mass.) modified with
a 50-mW argon-ion (488-nm) laser. Twobands of emitted fluo-
rescence as well as small-angle light scattering were measured
simultaneously for each cell as it passed through the focused
laser beam. Green fluoresence emission (F,;io) was measured ina band from 515 to 575nm and red fluorescence emission (F>.)
in a band from 600 to 650 nm. Each of the three measured
signals was integrated over the time of cell passage through the
beam, and the values were stored on-line in a NOVA 1200J
minicomputer (Data General Corp., Westboro, Mass .) . For each
specimen, 5 x 16' cells were analyzed and the values for each of
the three measurements were displayed on an arbitrary scale of
0-120, which was approximately linear. For each experiment,
photomultiplier tube gains remained constant so that the data
from different days in culture were comparable . Calibrations
were done daily using standard fluorescent spheres .
[3H]Thymidine Uptake
Forsome cultures, quadruplicate 0.2-ml (2x 10 5cells) aliquots
obtained at various times were pulsed for 5 h with [''Hlthymidine
(New England Nuclear, Boston, Mass. ; specific activity, 6.7 Ci/
mmol) at 5 ACi/ml and harvested onto fiberglass filters in an
automated cell harvester (22) . Filters were counted in a liquid
scintillation counter .
RESULTS
MNC Fraction
The MNC fraction, stained immediately after
isolation, was examined in preparations from >30
donors . A two-parameter histogram displaying the
F,6oo (RNA) and F53o (DNA) values of the indi-
vidual cells from a representative specimen is
shown in Fig . 1 . Two distinct populations are
noted . The identity of each was determined by the
following experiment. The PMN cell fractions ob-
tained from whole blood were added in various
FIGURE l Two-parameter computer-generated histo-
gram displaying the simultaneously measured emission
red (F>soo) and green (F53o) fluorescence (measures of
RNA and DNA content, respectively) of 5 x 10`' cells
from an MNC fraction freshly isolated from peripheral
blood .The height of the peak above the F>soo-F53o plane
represents the number of cells with F,ooo-Fr,,,o values in
that region (with this system, the distance of each peak
from the origin can be varied by adjustment ofthe gain
settings of the F>sooand the F53o photomultiplier tubes) .
Note the presence of a major peak and a second smaller
peak with larger F53o and smaller F>6oo values .
proportions to the MNC fractions from the same
donors . As a larger percentage ofPMNwasadded,
an increase in the peak containing slightly larger
amounts ofF53o and smaller amounts of F>soo was
seen, identifying the smaller peak in Fig . 1 as
PMN.
Mitogen Stimulation
The results of mitogenic stimulation by ConA
(Fig. 2) was studied through daily analysis of
MNC cultures from 19 donors . Identical results
(data not shown) were found forPHA stimulation.
By day 2, there was an increase in the percentage
ofcells containing a marked increase in F>hoo (with
unchanged F53o) . The percentage of cells in this
group peaked by day 3 . Because one of the early
and crucial changes that occurs in the Go to G,
transition is an increase in RNA content (2), it
seems reasonable to conclude that the original
population, with small amounts of DNA and
RNA, consists of Go cells and that the second
population, with increased RNA content, com-
prises G, cells. On days 2-4, the percentage of
cells containing increased F>eoo and F53o values
between one and two times the Go value also
increased, usually peaking on day 3 . On days 3
and 4, cells with increased F>soo and F53o exactly
twice the Go value were also noted . (Many cells,
however, remained in Go throughout the entire
culture period .) These observations confirm those
made previously by Darzynkiewicz et al . (8) and
strongly suggest that the latter two populations
represent, respectively, S phaseand then amixture
ofGZ phase cells and cells undergoing mitosis .
On days 4-6, as the percentage of cells in S and
G2/mitosis was decreasing, there was a sharp in-
crease in the number of cells containing moder-
ately increased RNA, with the Go amount of
DNA. This population differed from the G, cells
seen on days 1-3 in that it formed a rather sharp
peak in the two-parameter histogram . The early
G, cells, in contrast, formed a broad ridge with
F,6oo values ranging from slightly greaterthan the
Govalue to many times that value . The sharp peak
of the day-5 cells occurred at F>soo values approx-
imately twice those of Go cells. The cells in the
early G, region made up -15% of the total popu-
lation in culture on that day, whereas the day-5
cells in this region averaged 40% of the day-5 total .
This, along with the continued presence of this
peak over 2-3 d, suggests that mitogen-stimulated
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￿
Representative two-parameter histograms of Con Astimulated cells over 8 d (e .g ., day 1 : cells
cultured for 24 h) in culture (gain settings approximately those ofFig . 1) . Control (CT) is a day-5 specimen
of cells from the same donor cultured simultaneously but in the absence of Con A.
cells remain in this later region for a much longer
period of time than do the early Gl cells .
On subsequent days in culture, the cells in this
late peak decreased in number while the number
of cells inGo markedly increased. The number of
cells in G1 , S, and G2/mitosis remained small,
although occasionally there wasa second round of
progression through the cycle, again with the latter
peak in the increasedRNA region as aprominent
feature . [3H]Thymidine uptake correlated only
roughly with numbers of cells in the standard G1,
S, orG2/mitosis regions (see below) .
The Late Peak
The cells included in the late peak of increased
F>soo values occurring on day 5 (range : day 3-day
6) after ConA stimulation were studied in greater
detail . The increased F>soo was eliminated by
preincubation of the cells with RNase (Fig. 3) .
Addition of vinblastine on day 3 to stimulated
cultures from six donors resulted in arrest of cells
inG2/mitosis on days 3 and 4 and elimination of
the late peak on day 4 and subsequent days in
culture (Fig . 4) . That the late peak required pro-
gression through the cell cycle was further con-
firmed by a study of the effect ofBUdR that was
added to Con A-stimulated cultures on day 1 .
BUR, which is incorporated into newly synthe-
sized DNA, results in quenched F53o staining of
those strands into which it is incorporated (15, 17) .
Therefore, cells synthesizing DNA during the pe-
riod of exposure toBURwill have decreased F,3o
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FIGURE 3 Two-parameter histogram (gain settings as
in Fig . 1) of cells taken from day-4 Con A-stimulated
cultures . Left, untreated ; right, RNase treated .
FIGURE 4
￿
Two-parameter histogram of Con A-stimu-
lated cultures from the same donor examined on day 6
(gain settings as in Fig. 1) . A, untreated cells ; B, vinblas-
tine added to cultures on day 3 .
values . Addition ofBUdR resulted in a shift ofthe
entire late peak to lower F530 values (Fig . 5) .
The possibility that the late peak was the result
of a cell-cycle blocking effect by Con A present in
the later days of culture was addressed by the
following experiments . Con A cultures were
washed, either with medium or with 0.3 M a-
methyl-D-mannoside, and then recultured either
with or without ConA. Thesetreatments producedno change in the pattern observed on subsequent
days. Specifically, the late peak still occurred .
Correlation ofPercentage of Cells in the Late
Peak with [ 3H]Thymidine Uptake
The percentage of cells in the late peak was
compared with the 5-h [' 3H]thymidine uptake . The
data for the percentage of cells in the late peak on
days 3-6 and for [3H]thymidine uptake for days
2-5 are shown in Table I for the seven donors for
which both are available . Because of the wide
variations from donor to donor in the day of
maximal late-peak activity and in the day of max-
imal [3H]thymidineuptake, the highest correlation
(r = 0.973, P < 0.001) was seen when the values
for each were summed over the respective 4-d
periods (Table 1) . The wide variation from donor
to donor in Con A response, as measured by
summed late-peak content or by summed ['H]thy-
midine uptake, should also be noted .
FIGURE 5
￿
Two-parameter histogram of Con A-stimu-
lated cultures from the same donorexamined on day 5 .
(The gain settings are somewhat higher than in Fig . 1,
and the orientation has been rotated to better display
F53o differences) . A, untreated cells ; B, BUdR added on
day 1 .
TABLE I
Comparison of5-h 1 .3H]Thymidine Uptake with Percentage of Cells in Late Peak
I'HIThymidine uptake
Donor
￿
Day 2
￿
Day 3
￿
Day 4
￿
Day 5
cpm x 10"
1
￿
1 .6 2.2 3.4 1 .8
2 3.9 13 .2 22 .0 7.0
3 13 .8 34 .1 37 .6 11 .1
4 26.4 47 .4 34 .0 8.2
5 8.9 83 .0 33 .7 10 .0
6 31.2 55 .5 38 .5 15 .0
7 26 .5 31 .5 102.7 21 .4
2.3
11 .5
24 .1
29 .0
33 .9
35 .1
45 .5
DISCUSSION
" cpm Index = Sum of cpm of 5-h uptake on days 2-5 divided by 4 .
$ Percentage index = Sum of percentage of cells in late peak on days 3-6 divided by 4 .
The present study makes use of the supravital
staining method of Darzynkiewicz et al . (27), in
which double-stranded RNA is selectively dena-
tured to single strands by chelating agents . The
staining occurs in detergent-treated but intact cells
and produces roughly quantitative measures of
DNA (17530) and RNA (F>6oo) .
The MNC fraction freshly isolated by centrifu-
gation on Ficoll/Hypaque is homogeneous with
respect to DNA and RNA content except for a
small group of cells with slightly more DNA and
slightly less RNA. This latter population was
found to be the small number of contaminating
PMN present after the isolation procedure. The
explanation for the difference in red and green
fluorescence between these cells and lymphocytes
is being investigated at present . One explanation
is an increased resistance ofPMN double-stranded
RNA to denaturation . Alternatively, it is possible
that a small amount of lymphocyte DNA is de-
natured by the staining procedure and that the
DNA of the highly differentiated and noncycling
PMN is more resistantthan the lymphocyte DNA
(6).
Culture of theMNC in the presence ofmitogen
results in the appearance of additional cell popu-
lations : first, cells with increased RNA and, sub-
sequently, cellswith increasedDNA. These results
confirm the observations of Darzynkiewicz et al .
(8) ofa progression ofstimulated cells throughG1,
into S phase, and ultimately into Gz phase and
mitosis .
The present studyhasfocusedon an observation
not previously noted in this experimental system .
On days 4-6 of culture, with either ConA orPHA,
Late peak
Day 3
￿
Day 4
￿
Day 5
￿
Day 6
￿
Xt
0 0 4.8 1 .6 1 .6
0 6 24 30 15 .0
5 24 42 23 23 .5
10 36 45 57 37 .0
15 35 56 40 36 .5
14 40 54 46 38 .5
10 51 68 43 43 .0
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complement of DNA and with increased RNA.
This population differs from theclassical G, phase
seen earlier in the culture, in that the RNA values
fall in a narrowly restricted range (about twice the
Go amount) and the cells represent a much larger
percentage of the cells present in culture on that
day: -40%. As the cells in this region diminish in
number on days 6-8, the number of cells in Go
increase. Throughout this period the number of
cells in other portions of the cycle remains ex-
tremely small. It therefore appears that this late
peak occurs just before the return of cells to Go.
One possibility is that these cells are stimulated
cells that have been blocked in the midportion of
classic G,, perhaps at the restriction point, and
that the phenomenon observed is merely one of
cell-cycle blockade. However, if the phenomenon
represents only blockade, then cells stimulated to
divide for the first time on day 4 would also be
blocked. This is not the case, because vinblastine
completely eliminates the late population, sug-
gestingthat mitosis, andnot merely stimulation, is
a prerequisite for entry into this stage. In addition,
all cells in this stage incorporated BUdR added to
the cultures, as manifested by decreased F5ao val-
ues, implying a prerequisite for S phase as well.
There is a strong correlation between the total
number of cells that appear in this late stage and
the total [''H]thymidine uptake of the culture,
which suggests that all the cells that enter S phase
also enter this later stage. A second implication
that may be drawn from these high correlations is
that individual cells remain in this stage for <24
h, because cells that remain longer would be
counted twice in the summed percentages.
From the above data, it appears that the late
cell-cycle stage is in fact different from the G,
phase and is not the result of cell-cycle blockade.
An alternative explanation is that cycling cells
destined to return to Go enter a specific state after
their final mitosis, during which RNA content is
relatively uniform among cells and remains con-
stant for at least several hours. If the latter expla-
nation holds, then this stage represents a separate
cell-cycle phase that one might designate "Gs."
On subsequent days, this population of cells is
replaced by increases in the Go population, cells
with less RNA. A major biochemical change in
the "G, to Go transition" that has been noted
previously is a decrease in RNA synthesis (10, 23).
Whether the phenomenon observed here is the
result of simple blockade of the cell cycle within
G, or a more complex cell-cycle phase, it was
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important to exclude the possibility that its ap-
pearance is a result of the continuing presence of
lectin in the cultures. The lack of a change in this
stage in Con A-stimulated cultures produced by
extensive washing of the cells with medium and
with a-methyl-D-mannoside to remove Con Asug-
gests that this is not the case, but it is still possible
that some lectin remained even after the above
procedures. Alternatively, lectin may stimulate
some cells in culture before washing to continue
to produce a factor after washing that results in
the observed effect. Therefore, it remains uncer-
tain whether the observation made here holdsonly
for stimulation by lectins or whetherit occurs with
stimulation by other means. The data from a flow
cytometric studyofthe mixed lymphocyte reaction
(5) show a histogram on day 6 similar to those
illustrated in Fig. 2, raising the possibility that this
late peak occurs in that system as well.In addition,
it is not known whether this phenomenon occurs
in cycling cells other than human lymphocytes.
One application of the observations in the pres-
ent study relates to the strong correlation between
the number of cells in the late peak and [''H[-
thymidine uptake. Similar correlations were not
found for the cytometric determinations of the
number of cells in the other cell-cycle phases.
Determination of the percentage of cells in thelate
peak on days 3-6 appears to give a reasonable
measure of the number of cells that have cycled.
It thus could replace standard [''H]thymidine up-
take methods with the advantage of increased
sensitivity of 5- to 50-fold.
The present study confirms the usefulness of
flow cytometric techniques for investigation of
cell-cycle regulation. Further adaption of the
staining and cytometric techniques to other cell
typeswill help determine whethertheobservations
on this lympocyte model hold in a more general
setting.
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